Migratory locust, Locusta migratoria L., is wellknown as a serious pest to cereals thoughout the world. The insect has two main phases: a solitary phase and a gregarious phase. As the density of the population increases, the locust population transforms progressively from the solitary phase towards the gregarious phase. Locust swarms in the gregarious phase sometimes cause massive damage to crops in all continents except Antarctica. Outbreak centers of locust swarms are known in Middle Niger, Madagascar, Mindanao Island of the Philippines, the East Indies, Australia, south Russia and east China. 1) In Japan, a great deal of damage was done to crops by a plague of locusts about 120 years ago (1880-1884) in Hokkaido prefecture.
2)
The Japanese cedar, Cryptomeria japonica (Taxodiaceae), a plant peculiar to Japan, has been vigorously studied, and such bioactivities as termiticidal, 3, 4) antimite, 5, 6) anti-fungal, 5) antifeeding against snail species, 7, 8) repelling against a pill-bug 9) and inhibiting germination activities 10) have been reported. In addition to these, we have recently found that a crude methanol extract of C. japonica strongly inhibited the feeding of L. migratoria. We report here the identification of the antifeedants in C. japonica against L. migratoria in a multi-component system requiring multiple components to exhibit its activity.
Results and Discussion
When adults of L. migratoria were given a semicircular filter paper containing a 15% sucrose solution, they fed on all of it within 24 h. When a semicircular filter paper with a methanol extract (3 g weight of fresh wood equivalent) of C. japonica containing a 15% sucrose solution was submitted to the bioassay, they did not feed on it at all (99:6% AE 0:4 of the filter paper remained, mean AE S.E.). The locusts used in the bioassay fed normally on the filter paper with a 15% sucrose solution after the bioassay. These results clearly indicate that the methanol extract of C. japonica strongly inhibited the feeding behavior of L. migratoria, implying that the extract contained antifeedant(s) against this insect species.
The crude MeOH extract suspended in water was successively extracted with hexane and ethyl acetate. As shown in Fig. 1 , only the hexane fraction showed antifeeding activity against the locust. The activity of the hexane fraction was almost the same as that of the original MeOH extract (hexane fraction, 81:1% AE 10:9; ethyl acetate fraction, 0% AE 0; aqueous fraction, 0% AE 0). The active hexane fraction was then chromatographed on an open silica gel column, successively eluting with hexane, 10% diethyl ether in hexane, 30% diethyl ether in hexane, 70% diethyl ether in hexane, diethyl ether and MeOH. The bioassay results for these fractions indicated that both the 10% diethyl ether in hexane (72:9% AE 21:4) and 30% diethyl ether in hexane (74:9% AE 8:4) fractions had high antifeeding activity against L. migratoria, but that the other fractions had no activity.
Of these two active fractions, the 30% diethyl ether in hexane fraction was separated into four fractions by HPLC according to the retention times (A, 0-11.00 min; B, 11.00-11.45 min; C, 11.46-12.20 min; D, 12.21-20.00 min). When each of these four fractions was separately submitted to the bioassay, none showed antifeeding activity against the locust. However, the whole solution showed as strong antifeeding activity against L. migratoria as the original MeOH extract did when all four fractions were combined and presented for the bioassay (A + B + C + D, 85:0% AE 7:30). These results indicate that the activity was not due to a single component, but to multiple components.
As shown in Fig. 2 , several bioassay results revealed that any combination lacking fraction C in the resulting mixture had no activity. Although the combinations containing fraction C had antifeeding activity, the particular combination containing both fractions B and C showed the highest activity, (A + C, 63:5% AE 2:0; B + C, 93:0% AE 6:1; C + D, 60:0% AE 2:6). These results show that fraction C contained the main active compound(s). The addition of the other fractions to fraction C significantly enhanced the antifeeding activity, with the combination of fraction B and fraction C being the most effective for strong activity.
Fractions B and C each consisted of only a single component, i.e., compounds 1 and 2, respectively, on any HPLC chromatogram. When fractions A or D were added to compound 1, those combinations showed no activity. On the other hand, when fraction A or D was added to compound 2, each combination showed weak activity. The combination of compounds 1 and 2 showed strong activity, indicating that compound 2 was essential for the antifeeding activity against L. migratoria. Compound 1 and the components of fractions A and D may therefore be support constituents for enhancing the antifeeding activity of compound 2.
Fifteen carbon signals were observed in the 13 C-NMR spectrum of compound 1, and the absorption of a hydroxyl group and a conjugated carbonyl group were observed in its IR spectrum. The diagnostic 1 H-and 13 C-NMR data, including two-dimensional NMR (H-H COSY and C-H COSY), mass spectra and specific rotation value enabled compound 1 to be identified as (+)-2,7(14),10-bisabolatrien-1-ol-4-one. All of the data were identical with those in the literature [8] [9] [10] [11] [12] for (1S,6R)-2,7(14),10-bisabolatrien-1-ol-4-one (Fig. 3) . In a similar way, compound 2 was identified as (+)-7(14),10-bisaboladien-1-ol-4-one 13) by the diagnostic 1 H-and 13 C-NMR data, including two-dimensional NMR (H-H COSY and C-H COSY), mass spectra and the specific rotation value (Fig. 3) .
Compounds 1 and 2 constituted 30.1 and 34.8 mg/cm 2 in the filter paper for the bioassay, respectively. These two isolated compounds strongly inhibited the feeding of L. migratoria to the same level as the original MeOH extract did only when they were combined, while each compound alone showed no such activity (compounds 1 + 2, 93:0% AE 4:8; Fig. 4 ). Compound 1 was first isolated and identified as a sesquiterpenol peculiar to C. japonica by Nagahama and Tazaki, 11) and its absolute configuration was determined by converting this compound into the known compound, cryptomerione.
12) It is known for its various biological activities, e.g., an antifeedant against Acusta despesta, a snail species, 8) a repellent against Armadillidium vulgare, a pill-bug, 9) and a germination inhibitor against Dicotyledoneae and Monocotyledoneae. 10) Compound 2 was also first isolated by Nagashima et al. from C. japonica as a new sesquiterpenol in this tree. 13) This is the first report about the bioactivity of this unique sesquiterpenol isolated from C. japonica.
It has been reported that azadirachtin and isonimbinolide in an extract of neem seeds (Azadirachta indica) showed antifeeding activity against L. migratoria 14) and that azadirachtin, nimbin, salannin, 3-acetyl-1-tigloylazadirachtinin and 3-tigloylazadirachtol in A. indica also showed antifeeding activity against the desert locust, Schistocerca gregaria, a near species of L. migratory.
15) Although each of these compounds in A. indica alone showed antifeeding activity, each of the two compounds (1 and 2) in C. japonica did not show antifeeding activity alone. Both compounds were necessary for showing the antifeeding activity.
A multi-component antifeeding system which requires two or more active compounds to show activity has rarely been reported, apart from the antifeedants in finger millet, Eleusine coracana GAERTN, against the brown planthopper, Nilaparvata lugens (STÅ L), 16, 17) and in tomato leaves, Solanum lycopersicum, against Thrips palmi KARNY. 18) In the case of the antifeedant from tomato, the main active compound was -tomatine. This activity required -tomatine with such organic acids as citric acid, succinic acid and L-malic acid, becausetomatine is a basic compound and insoluble in neutral water. However, in the case of the antifeedants from the finger millet, the reason why the activity required nine compounds has not been elucidated. It is, therefore, interesting that the antifeeding activity against L. migratoria from C. japonica was based on a multi-component system requiring the two compounds, 1 and 2. Compound 1, that is, (1S,6R)-2,7(14),10-bisabolatrien-1-ol-4-one, has been reported as one of the repellants against a pill-bug. 9) This repelling activity also required two compounds, sandaracopimarinol and compound 1, to show activity. In this case, compound 1 was the main active compound, and the activity was significantly enhanced (from thirty-three times to one hundred times) by the addition of the support component, sandaracopimarinol, which alone had no activity. As in this case, compound 2 was the main active compound, and compound 1 was the support component in the antifeeding activity from C. japonica against L. migratoria.
Both compounds 1 and 2 had a hydrophobic carbon chain and hydrophilic ring which had electron-rich functional groups such as a carbonyl group, a double bond and a hydroxyl group. The hydrophilic ring of compound 2 was probably a binding part to the receptor on the chemosensory cell of L. migratoria, because compound 1 having a double bond in this ring showed no activity. When only compound 2 was applied to the filter paper, the hydrophilic ring of compound 2 might turn to the surface of cellulose to make a hydrogen bond to the hydroxyl group of cellulose (Fig. 5A) . It may be difficult for the hydrophilic ring with the active site to bind directly to the receptor in this case.
The addition of a support such as compound 1 to compound 2 may make the arrangement of compound 2 change on cellulose. Instead of compound 2, part of the support compound might bind to the hydroxyl group of cellulose. Accordingly, the hydrophilic ring, with the active site, of compound 2 might turn to the outside by hydrophobic interaction between the hydrophobic carbon chain of compound 2 and the support compound, as shown in Fig. 5B . As a result, compound 2 might bind the receptor on the chemosensory cell of L. migratoria. A study on the activity of combinations of compound 2 with such surfactants as a lecithin is in progress to confirm this hypothesis. It is necessary in future for the absolute configuration of (+)-7(14),10-bisaboladien-1-ol-4-one (2) to be determined because this has not yet been confirmed. In addition, the active compounds in the 10% diethyl ether in the hexane fraction need to be investigated. These results might contribute to the development of an integrated control method against this serious pest.
Experimental
Instruments. GCMS data for compounds 1 and 2 were measured with a Jeol MS600 mass spectrometer. GC analyses were done with a Shimadzu GC-14A instrument fitted with a fused silica column (HR1701, 0.25 mm thickness, 25 m Â 0:2 mm i.d.) and programmed from 200 C (2-min hold) to 250 C at a rate of 10 C/min. The 1 H-and 13 C-NMR data for compounds 1 and 2 were measured with a Jeol Lambda 400 spectrometer (400 MHz), using TMS as an internal standard. Letters (br.)s, d, t, q, and m represent (broad)singlet, doublet, triplet, quartet, and multiplet, respectively, and coupling constants are given in Hz.
Insects and plants. L. migratoria samples were collected from a field in Nankoku City, Kochi Prefecture and kept at 28 AE 1 C with 16 h lighting-8 h darkness, gramineous weed being provided as feed. Adult locusts were used for the bioassay. Heartwood of C. japonica from a 35-year-old tree in Rei-hoku, Kochi Prefecture, was used as the extract material.
Bioassay. The MeOH extract of 3 g of fresh wood equivalent of C. japonica was applied to half of a circular filter paper (7 cm in diameter) with three of 2.5 cm length cuts from the end toward center of circular filter paper. After drying, 0.3 ml of a 15% sucrose solution was added to the filter paper. The filter paper containing both the extract and 15% sucrose solution and a filter paper containing only 0.3 ml of the 15% sucrose solution were placed at the center of a rectangular polypropylene tray (24 cm long, 32 cm wide, 11 cm high). Ten adult L. migratoria were allowed to feed on the two filter papers for 24 h at 27 C with 16:8 (L:D) illumination. The percentage of each filter paper area which the locusts did not feed on was computed as the antifeeding rate. Each sample was tested at least three times.
Preparation of the plant extract. Fresh C. japonica heartwood (3.15 kg) was cut into pieces (5 cm long, 1 cm thickness) and extracted with methanol (16-liter) for 3 d in darkness at room temperature. This procedure was conducted twice. After evaporating the solvent under reduced pressure at 40 C, a methanol extract (56.9 g) was obtained. This residue of the methanol extract (48.8 g: 3.0 kg of fresh wood equivalent) was dissolved in 1400 ml of water, and the solution was then partitioned between hexane (1000 ml Â 4) and water, and subsequently between ethyl acetate (1000 ml Â 4) and water. The hexane (17.6 g), ethyl acetate (16.3 g) and water (4.7 g) fractions were respectively obtained. The hexane fraction (11.7 g, 1.0 kg of fresh wood equivalent) was chromatographed on a silica gel column (400 mm Â 30 mm i.d., Wako gel C-300) eluted with an increasing concentration of diethyl ether in hexane to obtain hexane (0.40 g), 10% diethyl ether in hexane (3.12 g), 30% diethyl ether in hexane (1.33 g), 70% diethyl ether in hexane (0.51 g), diethyl ether (0.32 g) and methanol eluates (0.17 g). The 30% diethyl ether in hexane eluate was separated into four fractions, fraction A (tR ¼ 0{ 11:00 min), fraction B, (tR 
